Phosphatidylserine (PS) is asymmetrically distributed in mammalian cell membranes, being preferentially localized in the inner leaflet. Some studies have suggested that a disturbance in the normal asymmetric distribution of PS-e.g., PS exposure in the outer leaflet ofthe cell membrane, which can occur upon platelet activation as well as in certain pathologic red cells-serves as a potent procoagulant surface and as a signal for triggering their recognition by macrophages. These studies suggest that the regulation of PS distribution in cell membranes may be critical in controlling coagulation and in determining the survival ofpathologic cells in the circulation. In this paper we describe a sensitive technique, based on PS-dependent prothrombinase complex activity, for assessing the amount of PS on the external leaflet of intact viable cells. Our results indicate that tumorigenic, undifferentiated murine erythroleukemic cells express 7-to 8-fold more PS in their outer leaflet than do their differentiated, nontumorigenic counterparts. Increased expression of PS in the tumorigenic cells directly correlated with their ability to be recognized and bound by macrophages.
Macrophages play an important role as effector cells in host defense against cancer metastasis (1) and viral diseases (2) . When appropriately activated, macrophages are able to recognize and destroy a variety of tumorigenic and virusinfected cells, including cells resistant to other host defenses such as T cells and natural killer cells (1) , while leaving normal cells unharmed. Macrophage-mediated tumor cell killing has been shown to be independent of such cell characteristics as surface receptors, drug resistance, cell cycle, and metastatic potential (1, 3) .
The mechanism responsible for the ability of mononuclear phagocytes to discriminate between normal and pathologic cells is not known. The broad spectrum of target cells susceptible to macrophage-mediated cytolysis might suggest, however, that a uniform surface moiety could be involved in target cell recognition.
An interesting feature of some cell membranes is the asymmetric distribution of membrane phospholipids between the two leaflets of the bilayer (4) . In red blood cells (RBC), for example, most membrane phospholipids show some preference for either leaflet, whereas phosphatidylserine (PS) is the only phospholipid that adopts a totally asymmetric distribution, being localized exclusively in the cell's inner leaflet (5) (6) (7) . Although the mechanisms responsible for maintaining an asymmetric distribution of PS are still unclear, recent evidence suggests that the preservation of PS in the cell's inner leaflet is of central importance in cellular physiology. For example, the exposure of PS that occurs in activated platelets (8) and in sickled RBC (9, 10) regulates hemostasis by serving as a potent procoagulant surface (11, 12) and as a signal for triggering the recognition of these cells by macrophages (13) . Related experiments have shown that artificially generated phospholipid vesicles (14, 15) and RBC that contain an exogenously inserted fluorescent PS analog (16, 17) are bound and endocytosed by macrophages. These studies suggest that the maintenance of PS asymmetry in cell membranes may represent a homeostatic mechanism, the failure of which may lead to alterations in normal cell function.
To determine whether tumor cells express PS in their outer leaflet, tumorigenic Friend murine erythroleukemic cells (MELC) and their chemically differentiated (18) nontumorigenic "normal" counterparts (dMELC) were assessed for PS expression and for their ability to be bound by macrophages. This was accomplished by employing a modified protocol of the PS-dependent prothrombin-to-thrombin cascade assay (19, 20) . Our results indicate that tumorigenic, undifferentiated MELC express relatively large amounts of PS in the outer leaflet of their plasma membranes which disappears from the surface upon the cells' differentiation. In addition, the expression of PS correlated directly with the ability of the cells to be bound by macrophages.
MATERIALS AND METHODS Materials. Activated factor X (factor Xa, 500 units/mg of protein), QAE-cellulose, and octyl-Sepharose 4B were obtained from Sigma. Thrombin and the thrombin-sensitive chromogen S2238 were purchased from Helena Laboratories. Prothrombin (factor II) was obtained from Behring Diagnostics. Dioleoyl phosphatidylcholine, PS derived from bovine brain, and 1-oleoyl-2-{6-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]hexanoyl} phosphatidylcholine (NBDphosphatidylcholine) were purchased from Avanti Polar Lipids. NBD-PS was prepared by phospholipase D-catalyzed base exchange of NBD-phosphatidylcholine (21) .
Preparation of Phospholipid Vesicles. Stock solutions of lipid in chloroform were mixed at the indicated mole ratios, dried under N2, and resuspended in Tris/NaCl buffer (50 mM Tris, pH 7.8/120 mM NaCl) to a final concentration of 0.5 mg/ml. Small unilamellar vesicles were produced by sonicating the lipid suspension with a probe ultrasonicator (Heat Systems) under N2 at 40C for 30 min. The vesicles were centrifuged at 30,000 x g for 30 min to remove titanium fragments.
Isolation of Factor V. Factor V was isolated from bovine plasma by a modification of the procedure of Nesheim et al. (22) . Four liters offresh, heparinized bovine whole blood was centrifuged at 4000 x g to remove cells. The plasma was Abbreviations: MELC, murine erythroleukemic cell(s); dMELC, chemically differentiated MELC; NBD, 7-nitro-2,1,3-benzoxadiazol-4-yl; PS, phosphatidylserine; RBC, red blood cell(s). *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (25) . The fraction of PS in the outer leaflet was determined by its ability to be removed by "back-exchange" with acceptor vesicles (25) . Aliquots of the NBD-PS-containing RBC were analyzed for PS-dependent prothrombin-converting activity as described above, except that the concentration of factor Va was increased to 15 nM to attain the required degree of sensitivity.
Binding of MELC and dMELC to Activated Macrophages. Macrophages were obtained from the peritoneal cavity of 8 (19, 20, 27 (outer-leaflet) PS. Thus, similar rates were obtained (based on the absolute amounts of PS present) when increasing amounts of vesicles containing 10 mol % PS were used ( Fig.  la) and when the total lipid concentration was kept constant but with increasing densities (mol %) of PS (Fig. lb) . This result demonstrates that, under these conditions, the rate of thrombin production is independent of PS density and particle number. Analysis of initial rates of thrombin production versus vesicle surface area [2.6 x 108 ILm2/nmol of lipid (28)] produced a double-reciprocal plot that displayed a linear relationship (>0.99 correlation) of rate to surface area (Fig.  2a) . At 5, 10 , and 15 mol % PS, different rates with varying y intercepts (Vma,) but common x intercepts were obtained. A plot of Vma,, versus the mole density ofPS in these standard vesicle preparations shows a direct relationship between the maximum velocity of thrombin production and the amount of PS present on the membrane surface (Fig. 2b) . Therefore, by measuring the initial rates of thrombin production by a membrane of unknown PS density but of known surface area, the Vma, of the catalytic surface can be assessed and the density of PS determined by comparison to an appropriately generated standard (vesicle) curve.
Determination of Cell Surface PS in RBC Containing Known Amounts ofExogenously Inserted Lipid. The results presented above suggested that it should be possible to directly determine the amount of PS on cell surfaces by comparison to artificially generated vesicles containing known amounts of PS. To verify this, defined amounts of exogenous NBD-PS were inserted into pyridyldithioethylamine-treated RBC [to eliminate its translocation to the inner leaflet (25) ]. The rates ofthrombin production for these RBC increased linearly with increasing NBD-PS localized in the outer leaflet. Quantita- SA-1 (rnm2 x 1010) tive assessment of the density of NBD-PS exposed on the outer leaflet of these cells was determined from a calibration curve generated as described in Fig. 2 . Independent analysis of the density of NBD-PS by the prothrombinase assay (ordinate) showed a linear relationship with the actual amount of available PS as determined by fluorescence (abscissa, Fig. 3 ). These results indicate that, under these conditions, the prothrombinase assay detects only PS localized in the outer leaflet and that there are no other RBC surface components that can serve as the required catalytic surface, since thrombin production could not be detected in untreated (no NBD-PS) RBC. Determination of PS on MELC, dMELC, and RBC. The rates of thrombin production initiated by standard vesicle populations, MELC, dMELC, and mouse RBC were determined simultaneously. Reciprocal plots of surface area versus initial rates of thrombin production all yielded common x intercepts. The density of PS on the cell surface was then calculated based on the results obtained from a standard vesicle curve generated as described in Fig. 2 . Since the calculated densities are critically dependent on cell surface area, the data presented in Table 1 were calculated by using surface areas obtained by three independent techniques (see Discussion). All of the data indicate that undifferentiated, tumorigenic MELC express significantly more outer-leaflet PS than do their "normal" differentiated counterparts irrespective of the method used to determine surface area. Averaging all of the data shows that MELC express 7-to 8-fold more PS in their outer leaflet than do dMELC. As expected (5-7), PS could not be detected in the outer leaflet of normal mouse RBC. 3 . Analysis of cell surface PS by prothrombinase complex formation and fluorescence. Pyridyldithioethylamine-treated RBC containing increasing amounts of PS in their outer leaflet were assessed for their ability to activate prothrombin. The rates of thrombin production were converted to PS density (mol %) by using a standard curve generated as described in Fig. 2 . The calculated densities were then plotted as a function of the amount of outerleaflet PS determined by direct fluorescence assay of NBD-PS. Best fit was obtained by linear regression analysis of the five data points (correlation of 0.96).
Macrophage Binding of Tumor and Normal Cells. To determine whether tumorigenic, PS-expressing MELC and not their "normal" dMELC or mouse RBC counterparts selectively bind to macrophages, the ability of 51Cr-labeled target cells to bind to activated mouse peritoneal macrophages was determined. The results of these experiments indicate that increased adherence of tumorigenic cells to macrophages (Fig. 4) is associated with increased exposure of PS (see Table 1 ). Although this finding does not indicate direct recognition of PS on target cells by macrophages, it does suggest that PS may be involved in this process.
DISCUSSION
To determine the quantity ofPS on the outer surface of intact cells, we exploited the PS-dependent prothrombinase complex cascade. Although other techniques are available, all of them are destructive and may induce alterations in membrane asymmetry. For example, direct derivatization with fluorescamine (29) or picrylsulfonic acid (7) requires lipid extraction, and the amount of derivatized product may be obscured by high backgrounds due to unreacted intracellular lipids. Similarly, hydrolysis by phospholipase A2 is nonspecific and may perturb bilayer structure by the generation of large amounts of endogenous lysolipids. In contrast, the PS-dependent prothrombinase assay is nondestructive and specific for PS expressed only on the available catalytic surface.
Analysis of the kinetics of thrombin production in relation to the absolute amounts of PS present on the outer leaflet of synthetically generated standard vesicles and RBC containing exogenously supplied PS demonstrated that the prothrombinase-complex assay can determine PS densities in the Table 2 shows the amounts of PS calculated from the measured densities in relation to two different estimates of cell surface area. It can be seen that although density determinations are linearly proportional to the actual amounts of PS present in the outer leaflet (see also Fig. 3 Table 2 legend], excellent agreement between the independent measurements is obtained.
Clearly, a PS density of 15% (Table 1) seems to occupy an extremely large fraction of the cell surface. However, as discussed above the accuracy of the calculated PS densities is dependent on cell surface areas. Unfortunately, most techniques used for assessing this parameter are estimates, since they do not take into account irregularities of the cell surface. In an attempt to overcome this problem the surface areas of sequential thin sections were assessed. Surprisingly, the areas obtained by the different techniques were quite similar (Table 1) . However, as shown in Table 2 , reasonable assessments of cell surface area can be obtained by determining the amount of cellular lipid. Since the fraction of total cell lipid comprising the plasma membrane of MELC is known (34) Although we have no evidence for the fate of the outer-leaflet PS, it could be relocated to its normal inner-leaflet location or removed from the cell during enucleation (36) . Indeed, the asymmetrical distribution of PS is already established in the emerging reticulocyte (36) . The decrease in the amount of PS from the outer leaflet of dMELC coincides with other membrane rearrangements that occur upon differentiation (18) . Of particular interest is the appearance and reorganization of spectrin (37, 38) and band 4.1 protein (38) , which have been implicated in maintaining PS in the cells' inner leaflet (39, 40) .
Experiments to determine the propensity of MELC and dMELC to be bound by macrophages revealed a direct correlation between expression of PS in the outer leaflet and binding. Although macrophages avidly bind liposomes (14, 15) and cells (13, 16, 17) that express PS on their surfaces, we do not know whether the differences in binding observed in this system are directly due to expression of PS. The possibility that recognition is due to a shift in PS distribution/ equilibrium is intriguing, although this conclusion requires further experimentation. This hypothesis is, however, somewhat supported by results that have shown qualitative differences between the expression of aminophospholipids in different B16 melanoma variants (41) .
Clearly, many changes occur in the plasma membrane of differentiating cells. Whether the decrease in outer-leaflet PS or other membrane alterations serve a function critical to the differentiated cell remains to be determined. One can speculate, however, from its unique property of residing preferentially on the inner leaflet of normal cells, in conjunction with the pathological consequences upon its exposure in the outer leaflet, that the redistribution of PS is necessary for the emerging reticulocyte to survive in the circulation.
